Introduction {#S1}
============

Approximately 27% of the land area in China is exposed to desertification, causing critical ecological and environmental problems, especially in Northwest China ([@B45]). The Chinese government has implemented a variety of solutions, including afforestation projects, to reduce the effect of desertification ([@B42]; [@B14]). Over the past few decades, restoration of deserts using xerophyte shrubs is viewed as a common and effective method in many arid regions ([@B55]; [@B48]; [@B12]). These plants have evolved various mechanisms, including altered morphological and physiological properties, to cope with drought stress ([@B12]; [@B27]). Plants in natural habitats often harbor ubiquitous fungal endophytes, some of which are drought-tolerant and can stimulate plant growth in arid ecosystems ([@B38]; [@B16]; [@B53]). Mitigating drought stress in host plants by endophytes may be an efficient strategy to improve the restoration rate of desert soils, which are typically deficient in available water ([@B15]; [@B41]; [@B16]).

Most desert plants associate with a wide diversity of root endophytic fungi, including dark septate endophytes (DSEs) ([@B4]; [@B37]; [@B17]). These endophytes are characterized by melanized septate hyphae and microsclerotia and are found in the roots of more than 600 plant species ([@B20]). DSE are abundant root colonists especially in plants growing under extreme conditions such as arid environments ([@B20]; [@B5]). Many researchers have investigated and isolated a variety of DSE from grasses, shrubs, and trees in arid areas ([@B31], [@B32]; [@B25], [@B24]; [@B26], [@B29]; [@B52]). For instance, [@B32] investigated DSE in 42 plants from an arid region in Argentina and showed that DSE were frequently present in the roots. In Northwest China, DSE were also observed and identified in the roots of multiple desert shrubs, such as *Ammopiptanthus mongolicus*, *Hedysarum scoparium*, and *Gymnocarpos przewalskii* ([@B26], [@B29]; [@B52]). For example, in our previous survey conducted in seven arid and semi-arid locations in Northwest China, we showed that *H. scoparium* was highly colonized by DSE and we isolated nine DSE species from their roots ([@B52]). However, our understanding of DSE functions in relation to plants is still limited ([@B4]).

Although not all DSE--plant relationships are beneficial, there is a strong evidence to suggest that DSE may positively influence plant resistance to drought by increasing plant growth, water and nutrient absorption, and/or facilitating plant resistance to oxidation stress ([@B35]; [@B40]). In field experiments, [@B4] investigated the DSE of native grasses in arid southwestern United States rangelands. The author proposed that DSE may form a continuous integrated network that enhances nutrient and water transport in roots. DSE are readily isolated and cultured *in vitro*, which has facilitated the studies on the effects of DSE on host plants under water stress in controlled culture conditions. In pot experiments, desert plants *Agropyron cristatum* and *Psathyrostachys juncea* inoculated with DSE developed a higher shoot biomass and carbon content compared with non-inoculated plants under drought conditions ([@B35]). Similarly, [@B40] conducted an inoculation experiment to study the influence of DSE isolates on rice under water deficit induced with polyethylene glycol 6000. Their results showed that DSE increase the growth and decrease the oxidative stress in rice plants. However, this positive effect occurred only in specific water stress conditions.

*Hedysarum scoparium*, a species characterized with rapid growth and high drought resistance, is a pioneer desert shrub that has been widely used for prevention of desertification and vegetative restoration in arid and semiarid regions of China ([@B18]). In a pot experiment conducted in our study, DSE isolated from healthy roots of *H. scoparium*, colonized the host roots and increased the shoot and root biomass of *H. scoparium* plants ([Supplementary Figure 1](#SM1){ref-type="supplementary-material"}). With the objective to seek more beneficial symbionts that can be used in revegetation strategies, we investigated whether *H. scoparium* can benefit from DSE isolated from other desert plants. Four DSE isolated from the roots of *G. przewalskii*, a species with similar growth habit and ecological distribution to that of *H. scoparium*, were selected for the inoculation experiment. These fungi colonized the roots of other desert plants with no apparent disease symptoms and enhanced plant growth under drought conditions ([@B29]). In this study, we aimed to evaluate the effects of non-host DSE inoculation on *H. scoparium* plants growing in drought sandy soil under greenhouse conditions. We focused on plant growth, nutrient content, and activity of antioxidant enzymes to address the following questions: (1) Do DSE from other plants colonize the roots of *H. scoparium* under well-watered and water deficit conditions? (2) If yes, can these non-host DSE improve the growth and physiological performance of *H. scoparium* plants? (3) Does water availability affect the symbiosis-dependent benefits? (4) How non-host DSE help *H. scoparium* plants to overcome water deficit stress?

Materials and Methods {#S2}
=====================

Fungal Isolates and Plant Materials {#S2.SS1}
-----------------------------------

Four DSE fungi isolated from the roots of *G. przewalskii*, which grows naturally in extreme arid deserts of Northwest China, were used in this experiment. Their species identification was confirmed previously through internal transcribed spacer (ITS) phylogeny ([@B29]). All the fungal isolates belonged to different species and they included: *Phialophora* sp., *Knufia* sp., *Leptosphaeria* sp., and *Embellisia chlamydospora*. These fungi are deposited in the culture collection of the Laboratory of Plant Ecology, Hebei University, China, and their ITS sequences are available from GenBank under accession numbers [MF036001](MF036001) for *Phialophora* sp., MF036003 for *Knufia* sp., MF036004 for *Leptosphaeria* sp., and MF036005 for *E. chlamydospora*.

*Hedysarum scoparium* was chosen as a host plant in this study mostly for its important role in vegetation restoration and known high DSE colonization frequency ([@B52]). The seeds of *H*. *scoparium* were collected from natural populations in Gansu Province, Northwest China, and stored at 4°C.

Experimental Design {#S2.SS2}
-------------------

The experiment was conducted in a growth chamber in a completely randomized factorial design (5 inoculation treatments × 2 water treatments) with five replicates. The inoculation treatments included inoculation with *Phialophora* sp., *Knufia* sp., *Leptosphaeria* sp., and *E. chlamydospora* and a non-inoculated control. The water treatments were well-watered and water deficit stress. A total of 50 pots were prepared.

The seeds of *H. scoparium* were surface-sterilized by dipping in 70% ethanol for 3 min and then in 2.5% sodium hypochlorite for 10 min with agitation. The sterilized seeds were gently washed by sterile water several times and then aseptically planted onto water agar medium (containing 10 g/L agar) in Petri dishes for germination at 27°C. Following pregermination, each seedling was transferred into sterile pot (8 cm diameter, 24 cm height) containing 500 g sand collected from the natural habitats of *H*. *scoparium* and autoclaved for 120 min at 121°C. The basic physicochemical characteristics of the sand were as follows: organic matter 23.17 mg/g, available nitrogen 21.63 mg/kg, and available phosphorus 1.53 mg/kg. One month later, half of the seedlings were maintained under well-watered conditions throughout the entire experiment (70% field water capacity), and the other half were exposed to water deficit stress (30% field water capacity). Water loss was daily supplemented with sterile distilled water to keep the desired field capacity by regular weighing. The water content for water deficit treatment was chosen according to the median value in the natural habitat of *H*. *scoparium* in Northwest China ([@B51]).

Fungal inocula were prepared by aseptically growing DSE isolates in Petri dishes with potato dextrose agar culture medium. For DSE inoculation, two 5 mm plugs excised from an edge of an actively growing colony on culture medium were inoculated at a 1 cm range close to the roots of *H*. *scoparium* seedlings. The non-inoculated controls were inoculated with plugs excised from the sterile medium without fungus. All the inoculation processes were carried out on a clean bench, and all the pots were kept in a growth chamber with a 14 h/10 h photoperiod, temperature of 27°C/22°C (day/night), and 60% mean air relative humidity. The duration of the stress experiment was 4 months.

Harvest of *Hedysarum scoparium* Seedlings {#S2.SS3}
------------------------------------------

At the end of the experiment, the shoots and roots from each plant were separately harvested, and the roots were gently washed with tap water to remove the sand. Subsamples of fresh roots and shoots were set aside for assessing DSE colonization status and antioxidant enzyme activity, respectively, as described below. The remaining part of shoots and roots were weighed before drying in an oven at 70°C for 48 h and the water content was measured. The biomass production of plants was the sum of the dry weights of these two parts. After that the dried shoot and root materials were ground into a powder to measure the concentrations of carbon (C), nitrogen (N), and phosphorus (P).

Microscopic Observation of Root Colonization {#S2.SS4}
--------------------------------------------

Root colonization by DSE isolates was evaluated using the method described by [@B36]. The sampled roots were cleared with 10% KOH in a water bath at 100°C for 60 min and then stained with 0.5% (w/v) acid fuchsin at 90°C for 20 min. Overall, 20 randomly selected 0.5 cm long root segments per sample were placed on slides and observed under an optical microscope.

Determination of Antioxidant Enzyme Activity {#S2.SS5}
--------------------------------------------

To determine the activity of different antioxidant enzymes, fresh leaf samples from each plant were homogenized in 5 mL of 50 mM potassium phosphate buffer (pH 7.8), which contained chilled 0.2 mM EDTA and 2% (w/v) polyvinylpyrrolidone kept in ice bath. Prechilled mortar and pestle were used for grinding. The homogenate was centrifuged at 15,294 × *g* and 4°C for 30 min. The supernatant was decanted and used for analysis of enzymes.

The superoxide dismutase (SOD) activity was determined using the photochemical method described by [@B13] by recording the decrease in the absorbance of nitro blue tetrazolium complex due to its reduction by the enzyme. One unit of SOD was equivalent to the quantity of enzyme needed to inhibit the reduction rate of NBT by 50% at a wavelength of 560 nm. The catalase (CAT) activity was determined by measuring the consumption of H~2~O~2~ at 240 nm wavelength for 1 min. The reaction mixture consisted of 25 mM potassium phosphate buffer (pH 7.0), 10 mM H~2~O~2~, and enzyme extract ([@B9]).

Carbon, Nitrogen, and Phosphorus Concentrations {#S2.SS6}
-----------------------------------------------

The C and N concentrations in the shoots and roots were directly determined using the dry combustion method with an elemental analyzer (Vario EL/micro cube; Elementar, Hanau, Germany). For determination of P concentrations, dried ground shoot and root samples were digested in HNO~3~, followed by a microwave-accelerated reaction in a Microwave-Accelerated Digestion System (MARS; CEM, Corp., Matthews, NC, United States). The P concentrations were measured by the molybdenum-antimony colorimetric method ([@B3]).

Statistical Analysis {#S2.SS7}
--------------------

All statistical analyses were performed with SPSS software (Version 21; SPSS, Chicago, IL, United States). A two-way analysis of variance was used to analyze the effects of DSE inoculation, water treatment, and their interaction on plant biomass, leaf antioxidant enzyme activity, and element concentrations in the roots and shoots. All data were tested for normality and homogeneity of variance before statistical analyses. The differences between the means among different treatments were compared using Duncan's multiple-range tests at *P* \< 0.05.

Results {#S3}
=======

DSE Root Colonization {#S3.SS1}
---------------------

After harvesting, no DSE structures were detected in the roots of control plants regardless of water treatment, while the presence of DSE hyphae and microsclerotia was confirmed in stained root segments of inoculated plants ([Supplementary Figure 2](#SM1){ref-type="supplementary-material"}).

Plant Biomass Production {#S3.SS2}
------------------------

The shoot biomass of *H*. *scoparium* was affected significantly by the DSE inoculation regardless of the water regime ([Table 1](#T1){ref-type="table"}). Specifically, the inoculation of *Phialophora* sp. and *Leptosphaeria* sp. resulted in significant increases in shoot biomass (by 9.0 and 17.9%, respectively) compared to control plants ([Figure 1](#F1){ref-type="fig"}).

###### 

Analysis of variance for the effects of DSE inoculation and water stress treatment on biomass production of *Hedysarum scoparium*.

                       **Shoot biomass (g)**   **Root biomass (g)**   **Total biomass (g)**                         
  -------------------- ----------------------- ---------------------- ----------------------- ------------- ------- -------------
  DSE                  11.6                    **\<0.001**            18.0                    **\<0.001**   17.2    **\<0.001**
  Water stress         406.7                   **\<0.001**            300.6                   **\<0.001**   420.7   **\<0.001**
  DSE × Water stress   1.8                     0.156                  3.8                     **0.011**     3.2     **0.023**

Significant

P

-values are in bold.

![Effects of dark septate endophyte (DSE) inoculation and water treatment on the biomass production of *Hedysarum scoparium*. **(A)** Shoot and root biomass of *Hedysarum scoparium*. **(B)** Total biomass of *Hedysarum scoparium*. The error bars represent the standard error (SE). Different letters above the error bars indicate significant difference at *P* \< 0.05 by Duncan's multiple-range tests. Since DSE × water treatment interactions were not significant for shoot biomass, means for the main factor (DSE) were presented. E-- indicates non-inoculated plants. PS, KS, LS, and EC indicate plants inoculated with *Phialophora* sp., *Knufia* sp., *Leptosphaeria* sp., and *Embellisia chlamydospora*, respectively. WW and WS indicate well-watered and water stress treatment.](fpls-10-00903-g001){#F1}

The interactions of DSE inoculation and water treatment were significant for both the root and total biomass of *H*. *scoparium* seedlings ([Table 1](#T1){ref-type="table"}). Under well-watered conditions, inoculation with *Leptosphaeria* sp. led to a significantly greater root and total biomass (40.0 and 35.1%, respectively) compared with those of the control plants, whereas the inoculation with *E. chlamydospora* resulted in a 14.8 and 11.7% decrease in both parameters, respectively ([Figure 1](#F1){ref-type="fig"}). Under water stress conditions, *Phialophora* sp. and *Leptosphaeria* sp. inoculations caused a significantly greater root (27.5 and 40.0%) and total biomass (25.1 and 35.1%) compared with those observed in control plants, respectively. There was no significant difference in the root and total biomass production among plants inoculated with *Knufia* sp. and *E. chlamydospora* and the control ([Figure 1](#F1){ref-type="fig"}).

Antioxidant Enzyme Activities in Leaves of *Hedysarum scoparium* {#S3.SS3}
----------------------------------------------------------------

The interaction between DSE inoculation and water treatment showed significant effects on the antioxidant enzyme activities in leaves of *H*. *scoparium* ([Table 2](#T2){ref-type="table"}). In general, all the tested DSE caused remarkable increases in the activities of SOD and CAT under water stress conditions, which was closely related to the drought tolerance of *H*. *scoparium* ([Figure 2](#F2){ref-type="fig"}). Plants inoculated with *Phialophora* sp., *Knufia* sp. and *Leptosphaeria* sp. showed significantly higher values of SOD (19.1, 26.4, and 36.4%) and CAT (43.2, 27.2, and 31.1%, respectively) activities compared with control plants under water stress conditions. However, under well-watered conditions, there were no significant differences in either SOD or CAT activity between DSE inoculated plants and control plants. *E. chlamydospora* inoculation had no significant effects on host plants compared with control plants under both water regimes ([Figure 2](#F2){ref-type="fig"}).

###### 

Analysis of variance for the effects of dark septate endophyte (DSE) inoculation and water stress treatment on the antioxidant enzyme activities and element concentration of *Hedysarum scoparium*.

                       **SOD (U/g⋅FW⋅h)**   **CAT (U/g⋅FW⋅min)**   **Shoot C (mg/g)**   **Root C (mg/g)**   **Shoot N (mg/g)**   **Root N (mg/g)**   **Shoot P (mg/g)**   **Root P (mg/g)**                                                                        
  -------------------- -------------------- ---------------------- -------------------- ------------------- -------------------- ------------------- -------------------- ------------------- ------- ------------- ------ ------------- ------ ----------- ------ -----------
  DSE                  2.4                  0.064                  2.9                  **0.033**           2.3                  0.071               0.4                  0.775               6.4     **\<0.001**   1.7    0.167         2.6    0.052       2.4    0.070
  Water stress         137.6                **\<0.001**            101.2                **\<0.001**         127.8                **\<0.001**         14.4                 **\<0.001**         152.6   **\<0.001**   29.7   **\<0.001**   10.2   **0.003**   11.9   **0.001**
  DSE × Water stress   4.6                  **0.004**              2.7                  **0.046**           3.1                  **0.026**           0.4                  0.798               3.4     **0.018**     2.2    0.091         0.3    0.856       0.3    0.905

C, carbon; N, nitrogen; P, phosphorus; SOD, superoxide dismutase; CAT, catalase; FW, fresh weight. Significant

P

-values are in bold.

![Effects of DSE inoculation and water treatment on the antioxidant enzyme activities in leaves of *Hedysarum scoparium*. **(A)** Superoxide dismutase (SOD) in leaves of *Hedysarum scoparium*. **(B)** Catalase (CAT) in leaves of *Hedysarum scoparium*. The error bars represent the SE. Different letters above the error bars indicate significant difference at *P* \< 0.05 by Duncan's multiple-range tests. E-- indicates non-inoculated plants. PS, KS, LS, and EC indicate plants inoculated with *Phialophora* sp., *Knufia* sp., *Leptosphaeria* sp., and *Embellisia chlamydospora*, respectively. WW and WS indicate well-watered and water stress treatment.](fpls-10-00903-g002){#F2}

Element Concentration in Plant Tissues {#S3.SS4}
--------------------------------------

There was a significant interaction between the DSE inoculation and water treatment on the shoot C concentration of *H*. *scoparium* ([Table 2](#T2){ref-type="table"}). The shoot C concentration was significantly lower (2.5%) in *E. chlamydospora*-inoculated *H*. *scoparium* plants than in the control plants under well-watered conditions, but there was no significant effect of DSE inoculation on the shoot C content in host plants in all the other treatments ([Figure 3A](#F3){ref-type="fig"}). The N concentration in the shoots of *H*. *scoparium* was affected significantly by the DSE inoculation, water treatment, and their interaction ([Table 2](#T2){ref-type="table"}). Under water stress conditions, inoculation with *Phialophora* sp. and *Leptosphaeria* sp. resulted in a significant increase in the N concentration in the shoots of *H*. *scoparium* by 22.9 and 20.2%, respectively, when compared with control plants. Under well-watered conditions, *Leptosphaeria* sp. induced a significant increase in the shoot N concentration (12.3%), while *E. chlamydospora* showed an opposite effect, with about 87.7% of control plants ([Figure 3B](#F3){ref-type="fig"}). DSE inoculation did not affect the root C, N, and P concentrations and shoot P concentration of *H*. *scoparium* seedlings under all the treatments ([Figure 3](#F3){ref-type="fig"} and [Table 2](#T2){ref-type="table"}).

![Effects of DSE inoculation and water treatment on the elemental concentration of *Hedysarum scoparium*. **(A)** Shoot and root carbon concentration (C) of *Hedysarum scoparium*. **(B)** Shoot and root nitrogen concentration (N) of *Hedysarum scoparium*. **(C)** Shoot and root phosphorus concentration (P) of *Hedysarum scoparium*. The error bars represent the SE. Different letters above the error bars indicate significant difference at *P* \< 0.05 by Duncan's multiple-range tests. The estimated means were presented when interactions were not significant. E-- indicates non-inoculated plants. PS, KS, LS, and EC indicate plants inoculated with *Phialophora* sp., *Knufia* sp., *Leptosphaeria* sp., and *Embellisia chlamydospora*, respectively. WW and WS indicate well-watered and water stress treatment.](fpls-10-00903-g003){#F3}

Discussion {#S4}
==========

As important root endophytes, DSE have been reported to have positive ecological roles in plant growth and nutrient uptake ([@B50]; [@B34]; [@B44]; [@B46]). They also provide increased plant resistance to a wide range of environmental stressors ([@B1]; [@B30]; [@B43]; [@B7]; [@B40]; [@B54]; [@B19]). However, little is known about the relationship of non-host DSE and host plants, especially when water availability is considered ([@B54]). In the studies using crops and plants growing in heavy metal-contaminated soils, DSE fungi, which have been considered non-host colonizers, showed the potential to improve plant growth ([@B28]; [@B22]; [@B8], [@B7]; [@B47]). For example, *Gaeumannomyces cylindrosporus* isolated from plants naturally growing in an ancient Pb-Zn slag heap were reported to enhance the growth of maize under Cd stress ([@B2]). Similarly, the four DSE in this study isolated from *G. przewalskii* were able to colonize the roots of *H. scoparium* plants under both well-watered and water deficit conditions. Similarly, [@B54] reported that *Exophiala pisciphila* isolated from maize could colonize the roots of *Sorghum bicolor*. Our results indicated that DSE isolated from desert plants may be used in other plants. Moreover, they exhibited positive effects on shoot C and N content and biomass production of *H. scoparium* plants; however, these effects were strain-dependent. This observation corroborates previous reports that state that DSE fungal species may be one of the factors that influence the symbiotic relationship ([@B49]; [@B33]; [@B34]). In addition, both DSE strains isolated from *H. scoparium* promoted the shoot and root growth of *H. scoparium* plants under well-watered condition in our previous study ([Supplementary Figure 1](#SM1){ref-type="supplementary-material"}). This indicates that the outcome of DSE -- *H. scoparium* interactions may also depend on the host origin of the DSE involved. Therefore, choosing DSE strains that are most beneficial to the plants during the restoration of desert vegetation is vital.

The present study further demonstrated that the interaction between DSE and *H. scoparium* depended on water availability. Under water deficit conditions, no adverse effects were found in all the plants inoculated with DSE. The biomass production and shoot C and N content of plants inoculated with *Phialophora* sp. and *Leptosphaeria* sp. was increased compared with that of the control, whereas the inoculation of *H. scoparium* plants with *E. chlamydospora* negatively affected plant growth under well-watered conditions, but caused no significant decline in plant growth when exposed to water stress. This indicates that the interaction between DSE and *H. scoparium* becomes positive under water stress. Our results agree with previous studies in other crops, which have shown that the benefits of plant--endophyte associations seem to be stronger under soil water stress conditions ([@B54]). For *H. scoparium* plants, benefits of symbiosis under water stress may be advantageous to the plant growth in their natural drought habitats.

The ability of DSE fungi to promote plant growth under water stress conditions may be related to the increased C and N absorption, as well as to the enhanced activities of antioxidant enzymes. [@B46] have reported that increased N absorption by tomato plants was in response to inoculation with DSE isolates---inoculated plants exhibited higher dry weight than non-inoculated plants when supplied with organic N. Similarly, in our study, *Phialophora* sp. and *Leptosphaeria* sp. may have facilitated the absorption of C and N in the shoots of *H. scoparium*. This might be due to the ability of DSE fungi to mineralize organic compounds containing C, N, and P, thereby making them available to plants ([@B11]; [@B44]). For example, *Phialocephala fortinii*, a plant growth promoter in many studies, was reported to have the ability to degrade polymeric forms of C, N, and P such as cellulose, starch and protein ([@B10]; [@B44]). The increased SOD and CAT activity is another possible mechanism of increased plant growth. Water stress usually exerts negative effects on organisms and causes cellular oxidative damage ([@B6]). SOD and CAT are the primary enzymes involved in the antioxidant system of plants ([@B21]; [@B39]). In the present study, plants inoculated with *Phialophora* sp., *Knufia* sp., and *Leptosphaeria* sp. contained significantly higher concentrations of SOD and CAT compared with control plants under water deficit conditions. These findings can be related with the work by [@B40], who found that DSE increased the tolerance of rice plants to water stress through altered antioxidant enzyme activity. However, the mechanisms leading to an increase in the growth of plants inoculated with DSE fungi warrants further research.

Conclusion {#S5}
==========

We found that non-host DSE could colonize the roots of *H. scoparium* and benefit the plant growth, through combined mechanisms of increased nutrient absorption and enhanced antioxidant systems, under water deficit conditions. Our results complement previous insight that endophytes can promote drought resistance in plants and highlight the importance of using DSE in desert plants in water-stressed conditions ([@B23]; [@B41]; [@B54]; [@B16]; [@B53]). As *H. scoparium* plays important roles in vegetative restoration, the DSE--*H. scoparium* association has the potential for further testing in the field to determine its ability to suppress desertification in arid regions of Northwest China.
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